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I. INTRODUCTION
The abundance of vibration sources, such as machines, vehicles, roads, buildings, and the human body, has provided significant opportunity towards harvesting wasted mechanical energy for powering the distributed wireless sensor nodes. [1] [2] [3] [4] [5] [6] [7] [8] In some scenarios such as embedded systems in the wall and remote structures, the harvester is not an option rather a critical requirement. In literature, the emphasis in converting mechanical-to-electrical energy has been on three different types of transduction mechanisms: piezoelectric, electromagnetic, and electrostatic. Among these three options, piezoelectric transduction has been intensively investigated because of its inherent high energy density, structural simplicity, and better performance at reduced dimensions. Among piezoelectric harvesters, a cantilever-type bending structure has been most frequently investigated. [9] [10] [11] [12] [13] [14] The performance of a piezoelectric energy harvester has often been reported in terms of power density (output power per harvester volume, unit: W cm À3 ) measured at a given frequency and acceleration of vibration. The reported power density values for piezoelectric energy harvesters range from lW cm À3 to a few mW cm
À3
. 15, 16 Since there is no standard method of evaluating the harvester volume, it is quite difficult to make an accurate comparison in terms of the power density values. The problem arises from the fact that some researchers have used the total harvester volume including the piezoelectric layers, substrate or shim layer, and tip mass in their calculations while others have used only the beam volume including the piezoelectric layers and substrate layer.
Some researchers have considered just the volume of the piezoelectric layer. However, from the viewpoint of practical applications, it is desirable to consider the total harvester volume for evaluating the power density and we encourage the community to consider this suggestion for relevant reporting and standardization.
In order to enhance the power density, the harvester should effectively absorb the mechanical energy from the vibration sources and convert it in to electrical energy. In addition, the converted electrical energy should be efficiently extracted from the harvester to be stored in a battery or supercapacitor. In some scenarios, the harvester energy could be used directly to power the sensors. For the former, many design studies have been conducted, such as topology optimization of the piezoelectric and elastic layers, 17, 18 shape design of the piezoelectric layer, 19 control of the mass ratio between the beam and tip mass and control of the effective bending stiffness of the beam to optimize the electromechanical coupling coefficient, 20 and location and length optimization of the piezoelectric layer. 21 For the latter, energy harvesting circuit topologies such as synchronized switch harvesting on inductor devices and adaptive maximum power point tracking circuits have been developed. [22] [23] [24] However, one fundamental area that has not been addressed in detail in literature is related to the effect of the dimensions and layering configuration of the piezoelectric cantilever beam on the output power density at a fixed frequency and acceleration.
In this study, we investigate the design of cantilevertype piezoelectric energy harvester in terms of the material parameters, thickness, and dimensions of the shim and piezoelectric layers. The results provide firm guidance on the structure-performance relationships illustrating the effect of the global parametric variation on the power density of the harvester. Moreover, we propose a structural design of the piezoelectric cantilever beam that utilizes the distributed inactive layers in order to further increase the output power. The analysis considers the elastic characteristics of the piezoelectric bimorph composites and proposes a novel method for increasing the equivalent mass (and consequently the output power) without changing the dimensions of the beam through control of the bending stiffness.
II. CONTROL OF DIMENSIONS OF HARVESTER BEAM
We consider a cantilever beam structure, shown in Fig. 1 , consisting of two active piezoelectric layers, a central inactive shim layer and epoxy bonding layers. Under constant vibration conditions, we can estimate the maximum power of the piezoelectric cantilever by using Eq. (1) derived from a lumped parameter model
where m eq is the equivalent mass, Y is the displacement of the cantilever base, x n is the natural frequency of the cantilever, and f is the damping ratio. By considering the geometric configuration of the piezoelectric cantilever beam in Fig. 1 and rewriting Eq. (1) in terms of the dimensions of the beam, the maximum power can be expressed as
where a is the acceleration of the vibration, L is the length of the beam, EI is the bending stiffness of the beam, b is the width of the beam, and c I , c A , and c E and t I , t A , and t E are the elastic moduli and thicknesses of the shim, piezoelectric, and epoxy bonding layers, respectively. The relevant control variables are m eq , L, b, c I , c A , t I , and t A when the frequency and acceleration are fixed. The parameter f is not a practical control variable, since it is dependent upon the complex interaction occurring between the material characteristics and structural configuration. In this study, the cantilever beams with lengths longer than 10 mm were considered and all beams were composed of the same materials, so the effect of airflow or squeeze damping were not significant and the differences in f were minimized. 26 We selected a piezoelectric layer with a t A of 130 lm and a c A of 66 GPa (PZT: PSI-5A4E, Piezo Systems, Inc.) and a common spring steel with a high elastic modulus of 210 GPa as an inactive shim layer (SUS304H, JINEI Corp.). The stiffness coupling parameter of the beam (j EI ) is an important factor affecting the electromechanical coupling coefficient of the harvester device and is represented as
When the elastic modulus values of piezoelectric and shim layers are known, an optimum thickness ratio between the piezoelectric and shim layers can be obtained by finding the maximum j EI position in the j EI vs. t I /t A curve, as shown in Fig. 2 . The optimum t I /t A value is calculated as
and was found to be 0.6 in our case. Therefore, we decided to use an 80 lm-thick SUS304H plate as a shim layer. To control the m eq , L, and b of the beam, we utilized a finite element analysis tool (ANSYS) to predict the fundamental frequency of the structure with respect to the specific 
where k eq is the equivalent spring constant, m is the mass per unit beam length, and M t is the tip mass. The M t value was then precisely controlled in ANSYS to make the fundamental frequency approach 29.6 Hz (center point of the desired range). First, the aspect ratio (c) of the beam was varied while the bending stiffness was fixed (i.e., L is varied and b is fixed). As seen in Fig. 3(b) , the tip mass required for a fundamental frequency of 29.6 Hz increases with decreasing beam aspect ratio. However, a large discrepancy between the tip mass value calculated from Eq. (6) and that obtained from the ANSYS simulation was observed when the aspect ratio was decreased below 1. Equation (6) is useful for estimating the dimensions and tip mass required for a target fundamental frequency when the length of the beam is sufficiently long. However, it was found to be inappropriate for obtaining practical design parameters when the length is too short and the tip mass is large. The deviation of the calculated tip mass value from the simulated value might occur because the lumped parameter model assumes that the tip mass is a point mass. Next, we modified the aspect ratio of the beam while fixing the surface area of the beam with an L of 31 mm and a b of 36 mm in order to confirm the effect of the aspect ratio when the piezoelectric active layer volume is fixed. All design parameters of the cantilever beams (samples #1 through #6) extracted from the simulation are summarized in Table I .
Based on the simulated parameters, we fabricated the harvester configurations and evaluated their power generation performance. The shim layer was sandwiched by two PZT layers poled in the thickness direction using epoxy (DP-460, 3M). A homemade pressing tool was utilized to achieve a homogeneous thickness of the laminate beam, and an epoxy bonding layer that was around 10 lm thick was formed after the curing process at 80 C. Tungsten was used as a tip mass material for the cantilevers. The cantilevers were placed on a vibration exciter (type 4809, Br€ uel & Kjaer), and the electrodes of the parallel-type piezoelectric bimorph were connected to an oscilloscope (WavePro 715Zi, LeCroy) with a load resistance for power monitoring. The acceleration magnitude of the vibration was controlled so that it was always 6.9 m s À2 (rms) during the measurement. The maximum power values were obtained at the resonance frequency of the cantilevers under an optimum load resistance. Figure 4 shows the natural frequency, equivalent mass, simulated stress on the surface of the piezoelectric layer, output power, and power density for harvester samples #1 through #4 (see Table I for sample information). The natural frequencies of the fabricated harvesters were near 29 Hz, which corresponds well with the simulated values. The equivalent mass was found to exponentially increase with the decreasing beam aspect ratio (Fig. 4(b) ). As shown in Fig. 4(c) , we analyzed the stress generated on the piezoelectric layer with an acceleration condition of 9.8 m s À2 (1 G, commonly used nomenclature in literature) using ANSYS and found that the average stress exponentially increased similar to that of the equivalent mass. Consequently, during the bending of the beam, an increase in the equivalent mass and a decrease in the aspect ratio enhance the stress applied to the surface of the piezoelectric layer, resulting in an exponential increase in output power (from 4.69 mW for sample #1 to 27.29 mW for sample #4), as shown in Fig. 4(d) . However, the power density, an important factor for choosing the total volume of a device within which a certain number of harvesters can be integrated, showed a maximum value of 13.47 mW cm À3 for the beam aspect ratio of 0.86 (sample #3) and decreased again with further decrease in the aspect ratio down to 0.57. We employed the high-density (19.25 g cm À3 ) tungsten to minimize the tip mass volume. Considering the drastic increase in tip mass and decrease in power density, a beam with a small aspect ratio is especially undesirable from the viewpoint of fabrication cost and device integration. Furthermore, a heavy tip mass and the resultant large stress on the beam can be problematic from the viewpoint of the durability of the device, since the practical tensile strength of the piezoelectric ceramic is around 100 MPa. In our experiments, a crack was formed in the piezoelectric layer of sample #4 during excitation under 1 G acceleration, resulting in significant output power degradation. The results for samples #5 and #6, which have the same piezoelectric layer volumes as sample #3, were similar, as shown in Fig. 5 . The output power was significantly increased up to 36.35 mW for sample #6, which has a small aspect ratio of 0.41, but the power density was less than that of sample #3 and its tip mass was large, 48.8 g. The output characteristics of all harvester samples are summarized in Table II . The harvester with a beam aspect ratio of 0.86 exhibited an excellent output power density of 13.47 mW cm À3 under excitation at 6.9 m s À2 and 29 Hz. This high power density is believed to be due to the optimum thickness ratio between the shim and piezoelectric layers for maximum electromechanical coupling and the optimized beam aspect ratio which balances the stress applied on the beam and the total harvester volume.
III. CONTROL OF LAYER CONFIGURATION OF HARVESTER BEAM
A large mass is favorable for increasing the power, as seen in Eq. (1). However, an increase in mass causes the dimensions of the cantilever beam to change under a fixedfrequency condition, which is problematic in the design of piezoelectric cantilevers with the target natural frequency within a specific harvester volume. For example, as the mass increases, the length of the beam should be shortened or the thickness of the beam should be increased in order to maintain the natural frequency of the beam. 27 The former approach involves a decrease in the piezoelectric active area and the latter may have an adverse effect on the power density due to an increase in beam volume and a decrease in bending deflection. In Eq. (6), an increase in m eq necessitates an increase in k eq to maintain the natural frequency and the EI should be enhanced to increase k eq without changing the length of the beam. Thus, two technical issues should be addressed in order to enhance the output power by increasing the mass for a given beam dimension: (1) how to increase EI without changing the dimensions of the beam and (2) how to prevent the crack formation in piezoelectric layers due to increase in m eq .
To address the above issues, we considered distributed inactive layers as shown in Fig. 6(b) where two inactive layers with thickness t I1 were incorporated on the top and bottom surfaces of the active layers and one additional inactive layer with thickness t I2 was located between the two active layers. The total thickness of the inactive layers in Fig. 6(b) was same as that in Fig. 6(a) . In this case, the bending stiffness of this structure can be derived as Since the practical value of t E was found to be approximately 10 lm, the difference between the total beam thickness of the two structures in Fig. 6 is not significant. Equation (7) becomes close to Eq. (3) when the t I1 value becomes 0. The only difference between Eqs. (3) and (7) when t I1 ¼ 0 is due to the existence of the top and bottom epoxy layers in Fig. 6(b) . However, their effect on the total bending stiffness is negligible, because their thickness and elastic modulus are very small compared to those of the active and inactive layers. Considering optimized dimensions and material parameters of sample #3 in Sec. II, we calculated the EI with respect to the ratio of elastic modulus between inactive and active layers (c I /c A ) under various 2t I1 /(2t I1 þ t I2 ) conditions as shown in Fig. 7(a) . The c A and c E were fixed to 66 GPa and 24.1 GPa, respectively, for the EI vs. c I /c A plot. Note that 2t I1 /(2t I1 þ t I2 ) ¼ 0 corresponds to the conventional bimorph with a central inactive layer in Fig. 6(a) , and the other conditions are for bimorphs with distributed inactive layers shown in Fig. 6(b) . The EI has a tendency to increase linearly in proportion to the c I /c A ratio, and the slope of this curve is enhanced with increasing 2t I1 /(2t I1 þ t I2 ) value. It can be clearly seen from Fig. 7(a) that the EI of the bimorph with the distributed inactive layers is always larger than that of the bimorph with a central inactive layer once the c I /c A ratio exceeds 1. Therefore, the beam bending stiffness can be enhanced within the same beam volume by forming outer inactive layers with a larger elastic modulus than that of the active layer.
In Sec. II, a common spring steel was utilized that has a high elastic modulus of 210 GPa as an inactive layer material. Therefore, the c I /c A ratio was 3.18, for which Fig. 7(b) shows the EI vs. 2t I1 /(2t I1 þ t I2 ) plot. The EI gradually increases with increasing 2t I1 /(2t I1 þ t I2 ) ratio from 9.99 Â 10 À3 N m 2 for the conventional bimorph to 22.27 Â 10 À3 N m 2 for 2t I1 /(2t I1 þ t I2 ) ¼ 1, which corresponds to the structure consisting of only outer inactive layers without the center shim. Note again that the total EI is dominated by the elastic modulus ratio between the outer inactive layer and the active layer materials, and the effect of the center shim on the EI is almost negligible, as shown in Fig. 7(c) . Therefore, the selection of the center shim material does not seriously affect the elastic properties of the cantilever once the c I /c A and 2t I1 /(2t I1 þ t I2 ) conditions are fixed.
In order to confirm the effect of EI control on the real output power of the harvester experimentally, we fabricated the piezoelectric bimorph cantilevers with dimensions similar to sample #3 (L ¼ 31 mm and b ¼ 36 mm). Three different 2t I1 /(2t I1 þ t I2 ) ratios of 0, 0.5, and 0.75 were selected for comparison, and the 2t I1 þ t I2 value (total thickness of inactive layers) was fixed at 80 lm in all cases. Tungsten was used as a tip mass material for the cantilevers, and its mass was optimized such that the bending resonance frequency of the cantilevers was near 30 Hz, as shown in Fig. 8(a) . The equivalent mass of the cantilever increased with increasing 2t I1 /(2t I1 þ t I2 ) ratio, with values of 12.9 g, 20.6 g, and 27.1 g for 2t I1 /(2t I1 þ t I2 ) ¼ 0, 0.5, and 0.75, respectively ( Fig. 8(b) ). Next, we measured the output power of the cantilevers. The measurement method and conditions were the same as those in Sec. II and the results are shown in Figs. 8(c) and 8(d). As the equivalent mass of the cantilever was increased, the output power and power density also increased from 15.3 mW and 13.47 mW cm À3 for the 2t I1 /(2t I1 þ t I2 ) ¼ 0 case (sample #3) up to 52.5 mW and 28.48 mW cm À3 for the 2t I1 /(2t I1 þ t I2 ) ¼ 0.75 case. This result clearly shows that the enhancement of the bending stiffness due to the distributed inactive layers is very effective in increasing the equivalent mass under fixed-frequency conditions and consequently in enhancing the output power and power density without any significant change in the cantilever dimensions. Moreover, owing to ductile and elastic nature of the spring steel, the surfaces of harvester beam are resilient and resistant to bending stress providing additional protection to the inner active layers.
Another notable phenomenon was observed from the results in Fig. 8 . According to Eq. (1), the power of the harvester is directly proportional to the equivalent mass under fixed frequency and acceleration conditions. However, the power increased more rapidly than the equivalent mass with increasing 2t I1 /(2t I1 þ t I2 ), indicating that there is an additional effect of the increase in bending stiffness. Therefore, we considered the effect of other term in Eq. (1), the damping ratio f. Since the damping ratio is given as f ¼ c/2 ffiffiffiffiffiffiffiffiffiffiffiffi ffi m eq k eq p , where c is the damping constant and k eq ¼ 3EI/L 3 , it is closely related to the bending stiffness. Figure 9 shows the tip velocity vs. vibration frequency curve for the bimorph cantilevers as measured using a laser vibrometer (OFV-5000, Polytec) under the same acceleration of 1 m s
À2
. The damping ratio obtained from the resonance peak for the 2t I1 /(2t I1 þ t I2 ) ¼ 0.75 sample was 0.0208, while the 2t I1 /(2t I1 þ t I2 ) ¼ 0 sample showed a much higher value of 0.0634. Since the enhancement in the bending stiffness results in increase in both m eq and k eq , the damping ratio can be decreased, leading to an additional increase in the output power.
The physical parameters and performance characteristics of the vibration harvesters with three different 2t I1 /(2t I1 þ t I2 ) ratios are summarized in Table III . The maximum input power values calculated using Eq. (1) were higher than the measured output values, so the conversion efficiencies were 0.58, 0.36 and 0.32 for the 2t I1 /(2t I1 þ t I2 ) ¼ 0, 0.5 and 0.75 samples, respectively. This result is consistent with the observation in a prior study that the behavior of the output power is opposite to that of the efficiency with respect to the damping ratio. 28 This is the reason why the conversion efficiency cannot solely represent the performance of harvesters, and the actual power or power density is À3 and 58.12 mW cm À3 g À2 (the power density per unit square of the acceleration). To the best of our knowledge, these are the highest values reported to date in vibration energy harvesting experiments conducted at low frequencies under sub-1G acceleration. This result is very promising for powering wireless sensor nodes.
IV. SUMMARY
We designed cantilever-type piezoelectric energy harvesters with various beam aspect ratios and investigated their power generation performance at a constant acceleration and frequency of vibration. It was found that the output power density of the harvester is optimized when the beam shape is close to square, in both constant bending stiffness (i.e., constant beam width) condition and constant beam area condition. After optimizing the beam dimensions, we investigated the effect of controlling the bending stiffness on the output power of a piezoelectric bimorph cantilever. By forming outer inactive layers with higher elastic moduli than that of the active layer, the bending stiffness could be enhanced without significantly changing the cantilever beam dimensions. The enhanced bending stiffness induced an increase in the equivalent mass and a decrease in the damping ratio, both of which contributed to an increase in power under fixed frequency and acceleration conditions. We believe that the results of this study can provide design guidance toward fabricating high power piezoelectric energy harvesters.
